INTRODUCTION
Biology abounds with examples of functional structures, whose properties are unmatched in today's synthetic materials. Key features of biological structures include their dynamic nature, responsive behavior and often multi-functionality, which all comprise goals for the nextgeneration of smart artificial materials. Organisms and plants use sophisticated design strategies to achieve superior mechanical, optical, adhesive, self-cleaning, actuation and sensing capabilities. [1] [2] [3] [4] [5] [6] [7] [8] [9] A common feature of these largely unrelated designs is the use of fibers and high-aspect-ratio nano-and micro-structures.
Synthetic actuation/sensing at the sub-micron scale remains a challenging goal. Sensor arrays inspired by fish skin [10] and actuator arrays mimicking cilia still lack key features of selectivity, tunable geometry and sensitivity. In the current study we use a truly materials approach to develop a low-cost procedure for arbitrarily-designed actuated surfaces with highaspect-ratio nanostructures that are themselves responsive to a variety of stimuli and have a finely tuned geometry and stiffness. We first show how soft lithography fabrication can be extended to control both mechanical and geometric properties of these surface nanostructures. Furthermore, we demonstrate how to fabricate flexibly anchored high-aspect-ratio nanostructures where there exists a stiffness and materials gradient between the nanostructures and the underlying substrate, which represents a critical functional requirement of biological actuated nanostructures and sensors.
EXPERIMENTAL DETAILS
A square array of silicon nanoposts (height = 8 µm, diameter = 250 nm, pitch = 2 µm) was fabricated using the Bosch process, as described elsewhere. [11, 12] The silicon nanopost arrays were treated with an anti-sticking agent (tridecafluoro-1,1,2,2-tetrahydrooctyl)-trichlorosilane (Gelest Inc.) by exposure in a desiccator under vacuum overnight.
Negative molds were produced from polydimethylsiloxane (PDMS), Dow-Sylgard 184, with a prepolymer-to-curing agent ratio of 10:1. The mixture was poured on the silicon nanopost substrate and degassed before being thermally cured for 3 hours at 70° C. After cooling, the negative PDMS mold was gently peeled off the substrate. To produce replicas, the desired material was poured in liquid form into the negative mold wells. Once the material had solidified, the negative mold was simply peeled off. In this study most of the nanostructured replicas were made from a commercial UV-initiated one-part epoxy UVO-114 TM (Epoxy Technology).
For control of the modulus of the nanostructures, two liquid epoxy resins-Dow D.E.R. 331 and Dow D.E.R. 732-were mixed in different proportions. The mixtures were based on 10% weight increments of components, from 10% to 100% D.E.R. 331. In all compositions, UV cross-linking initiator Cyracure UVI 6976™ (Dow) was added to the mixture in a constant 5 weight % amount.
Bending stiffness of the cured epoxy mixtures was measured by four-point bend tests on 10x8x62 mm beams of cured epoxy mixtures, using a custom mechanical test system. A displacement rate of 500 µm/s and a maximum midpoint deflection of 3 mm was used. The stiffness values obtained were assigned to posts fabricated from corresponding mixtures.
Imaging of the nanostructures was performed on a Zeiss field emission Ultra55 SEM. Chemical analysis was performed on the SEM using Energy Dispersive Spectroscopy (EDS).
In hybrid material/stiffness replication, the nanopost material prepolymer (UVO-114) was poured on the PDMS negative mold before spinning on a Laurell WS-400-6NPP-LITE spin processor at 6000 rpm for 3 minutes. PDMS prepolymer was poured over the uncured epoxy posts and cured for 3 hours at 70° C. Alternatively, the epoxy film was partially UV cured 1-3 minutes and soft epoxy mixture containing 1:1 UVO-114 and D.E.R. 732 was poured on and fully UV cured for 30 minutes.
RESULTS AND DISCUSSION
We have adopted and significantly extended the soft lithography method to allow the fabrication of a biomimetic array of stable, high-aspect-ratio features. In our approach, PDMS is not the final nanostructured material; it serves as a secondary elastomeric mold for casting a derivative replica in the material of choice. Hence the stability and stiffness of the replicated structures can be controlled by appropriate material selection, and the geometry of the nanostructures can be finely tuned by applying specific deformations to the PDMS mold during replication.
The fabrication procedure is illustrated in Figure 1 . The initial high-aspect-ratio master can be either formed by standard lithographical techniques, grown bottom-up (for example, nanowires) or a biological sample. We form a negative mold of the master structure in PDMS or paraffin ( Figure 1B-D, N) , which has an array of wells into which the desired material (polymer, liquid metal or ceramics) is cast in liquid form and cured (Fig. 1O) . The mold is then either peeled off (PDMS, Figure 1P ) or heated and dissolved (paraffin) to release the replicated structure. Figure 1Q shows an epoxy nanoarray that reproduces the original master with nanometer-scale resolution. Using this method one can form replicated nanostructures from polymers (e.g., epoxy, PP, PE, PMMA, PDMS, various hydrogel and shape memory polymers) and metals and alloys which have a low melting point (e.g., Ga, InBi and Woods alloy).
Controlling the geometry of nanostructures.
One breakthrough of our approach is that the replication no longer need be one-to-one. Instead, geometric transformations from the master to the replica are easily achieved, as shown in Figure 1E -L. With liquid replica material in the PDMS negative mold, we can precisely stretch or compress the mold to transform the original 2D square lattice to a rectangular or rhombic lattice and the original circular cross-sections of the nanoposts to elliptical. By deforming the mold in the general [hk0] direction, a parallelogram unit cell with finely-tuned parameters can be formed. Tilted structures can be formed by applying a shear deformation to the mold; curved surfaces with different radii of curvature, very similar to echinoderm skin, were also fabricated ( Figure 1H, 1L) . In fact, any combination of the deformation types can be applied, such as the shear and 45° extension in Figure 1M . This is a powerful technique to fabricate nanostructures unattainable by conventional lithographic processes. 
Controlling the stiffness.
To regulate micro/nanostructure sensitivity, we are able to vary their stiffness from a few MPa to hundreds of GPa by fabricating replicas in selected polymers and metals/ceramics, respectively. Furthermore, the stiffness of the array can be finely tuned by mixing in different ratios two prepolymers that exhibit high and low post-cure stiffness. To demonstrate this principle, we used two epoxy-based polymers: one with a post-cure high modulus and another with a post-cure low modulus. We were able to produce epoxy structures with a stiffness ranging from ~1 MPa to ~1 GPa, shown in Figure 2A . The histogram can serve as a calibration curve to access any required stiffness in the MPa-GPa range.
To increase the sensitivity of the nanoarray, we can reduce the radius (which scales as a power of four), increase the length (cubic power), and decrease the modulus (linear dependence). [13] The force needed to bend nanoposts as a function of different parameters is shown in Figure 2B . As both geometrical and material parameters have an effect on the force needed to actuate the posts, it is very helpful to introduce a unified "effective stiffness" parameter, S effect , to directly compare the different cases. We chose to define this parameter as the force per unit deflection of the posts: S effect = F / δ, where δ is the deflection. In order to compare two structures, we take the ratio of the two S effect . For a circular cross-section: 
Hybrid material stiffness.
Beyond monolithic replicas comprised of a single material and stiffness, we have further extended our method to enable multi-material replicas (Figure 3) . The nanostructures of the replica may be fabricated from one replica material, while the bulk substrate is fabricated from a different material, with an optional one or more interlayers. The most interesting configuration that we are refining is rigid nanostructures attached to a soft, flexible substrate. Replica prepolymer is drop cast onto the negative mold, allowed to imbibe into the wells, and the excess is removed by spinning several minutes at high speed. At this point, a secondary intermediatestiffness layer (such as soft epoxy) can be spin coated on, or the soft bulk substrate-PDMS prepolymer in our case-can be directly cast on and cured together with the rigid nanostructures. We are working on fine gradient control between the bulk and nanostructure materials, for example by varying crosslinking of the rigid structure material before interdiffusion with the soft substrate material and by changing the temperature-time cure process for the soft substrate material.
Biological structures such as the superficial neuromasts of fish depend on stiffness gradients and anisotropy, pointing to important applications of these nanoarrays in flow sensors and as sophisticated artificial cilia. The higher elastic range of motion allowed by flexible anchoring points also suggests that such nanostructures are mechanically more robust than monolithic analogues-a hypothesis we are now studying. Flexibility of the anchoring points is demonstrated by solvent evaporation-driven clustering of stiff monolithic, hybrid-stiffness, and soft monolithic nanoposts in Figure 4 . Meanwhile, we have fabricated a proof of concept for mechanically actuated rigid epoxy micro/nanostructures attached to a flexible PDMS substrate. In Figure 5 we imaged the sample on an optical microscope under continuous, cyclic uniaxial extension and tracked the motion of the rigid posts relative to one another. The unit cell was extended 60% in the load direction, with a corresponding Poisson contraction. Moreover, this novel hybrid replica was extremely flexible and contour-fitting, as also seen in Figure 5 . 
CONCLUSIONS
We have shown that we can produce versatile high-aspect-ratio nanostructured surfaces inspired by the echinoderm skin, gecko foot and superficial neuromasts in fish and amphibians. For this purpose, we have developed a soft-lithographic method that not only allows the one-toone replication of nanostructures with high-aspect-ratios in a variety of materials, but also makes it possible to produce nanostructures with new nontrivial cross-sections, orientations, and curved lattices-infeasible by expensive conventional lithography. This method is the only one to our knowledge that provides such a high degree and range of tunability. The resulting bio-inspired surfaces offer multifunctional characteristics that include superhydrophobicity/philicity, actuation and sensing capabilities. We believe that these structures will find exciting applications as submicron sensors, actuators and other smart materials.
